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Context: Therapeutic ultrasound and electrical stimulation both claim to achieve many 
effects on the body, one of which is increasing blood flow in tissues. Research on 
electrical stimulation in regards to blood flow has shown both increased and decreased 
blood flow, due to the electrode placement and the muscular contractions elicited during 
the treatment, while research on therapeutic ultrasound has provided mixed results, some 
suggesting that increased blood flow is seen only with intolerable treatment intensities for 
the patients. The two treatments have not been previously compared in the same study. 
Objective: To compare radial artery blood flow following therapeutic ultrasound and 
electrical stimulation. Design: Cross-over study. Setting: University laboratory. 
Participants: Thirty-six healthy volunteers (22 females, 14 males; 21.19 ± 1.65 years; 
170.96 ± 9.24 cm; 70.69 ± 11.54 kg). Interventions: The participants were randomly 
assigned to therapeutic ultrasound or electrical stimulation for the first treatment session. 
The participants returned seven days later to receive the treatment they did not receive 
	
	
during the first treatment session. Therapeutic ultrasound was delivered at 1MHz, 
continuous, 1.5 W/cm2, 10 minutes. The muscle belly of the flexor-pronator mass of the 
non-dominant forearm was used as the treatment site. Electrical stimulation was delivered 
at 2-Hz burst mode, 8 pulses/burst, pulse duration 180 microseconds, 15 minutes. The 
motor points of the flexor-pronator mass was used as the treatment site. This was 
determined by a visible contraction of the wrist flexors. Diagnostic ultrasound was used 
to measure radial artery blood flow volume.  Main Outcome Measures: Radial artery 
blood flow volume was recorded before treatment, immediately post-treatment, 5 minutes 
post-treatment and 10 minutes post-treatment. Results: There were no significant 
differences found between blood flow measurements when comparing therapeutic 
ultrasound and electrical stimulation. There were also no significant differences in blood 
flow when comparing measurements within therapeutic ultrasound. However, there was a 
significant decrease in blood flow found with electrical stimulation when comparing 
baseline to immediately post-treatment (P = 0.04) and 5 minutes post-treatment (P = 
0.01), but not at 10 minutes post-treatment (P = 0.16). Conclusions: Electrical 
stimulation temporarily reduces blood flow in the radial artery immediately following 
treatment and at 5 minutes following treatment. Electrical stimulation is useful in 
temporarily reducing blood flow and therefore may be beneficial in the control of edema 
or effusion. 
KEYWORDS: Blood flow, Diagnostic ultrasound, Electrical stimulation, Radial artery, 
Therapeutic Ultrasound 
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CHAPTER I 
 
INTRODUCTION 
 
 
Therapeutic ultrasound and electrical stimulation are popular modalities used for 
injury healing and recovery in the athletic training and physical therapy settings. 
Therapeutic ultrasound is used to increase blood flow, increase elasticity of tissues, 
reduce muscle spasm and provide analgesic effects.1 Electrical stimulation is mainly used 
to reduce pain, control edema, reeducate muscles, relax muscle spasm and increase blood 
flow to the treatment area.2 Both modalities claim to improve blood flow to the area, but 
it has not been proven whether one modality is more effective in providing this effect.  
The effect of increased blood flow from therapeutic ultrasound is heavily 
dependent on the wave frequency, intensity of beam over the transducer area, duration of 
treatment, movement speed of the sound head, coupling agent used, type of tissues 
treated and size of treatment area.3 If the goal of therapeutic ultrasound is to increase 
blood flow to the treatment area, it is essential that the clinician understand the exact 
parameters that are necessary to increase blood flow. Research on therapeutic ultrasound 
and its heating effects are conflicting and some studies 4,5 suggest that significant changes 
in blood flow are seen with intensities intolerable for patients.
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Physiological changes due to electrical stimulation have been studied, but few 
studies on muscular or skin blood flow have been conducted.6-8 One study found that 
using motor-level 2-Hz transcutaneous electrical nerve stimulation (TENS) showed
significant blood flow increases in the trapezius muscle, when compared to both sensory-
level 80-Hz and subsensory TENS.6 This study also found minimal blood flow increases 
in the skin post-stimulation with motor-level 2-Hz and subsensory TENS.6 Another study 
9 found that neuromuscular electrical stimulation (NMES) may be beneficial in 
preventing deep vein thrombosis (DVT) following orthopedic surgery by increasing peak 
venous velocity and blood flow in the operated limb. Increased venous velocity and blood 
flow prevents blood from becoming stagnant, which reduces the risk of developing DVT. 
In regards to the potential to decrease blood flow Levine et al.10 found that applying 
electrical stimulation to the gluteus maximus of healthy individuals decreased blood flow 
during the stimulation rest periods of the treatment. The authors suggest that with the 
tissue distortion, peak occlusion isn’t achieved for a relatively long time, therefore 
leading to the decrease in blood flow.10 
While both therapeutic ultrasound and electrical stimulation are useful tools in the 
clinical setting, it is difficult to know whether or not the treatment goal is being achieved, 
i.e. increased blood flow. This is due to the placebo effect, in that athletes believe these 
treatments are accomplishing the desired outcomes, even though that may not be the 
case.7,11 Preparing athletes for activity in the athletic training setting is of vital importance 
in order to decrease the risk of injury. It would be useful to the clinician and beneficial to 
the patient to know more about the blood flow changes that occur as a result of either 
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therapeutic ultrasound or electrical stimulation. If the goal is to increase blood flow and 
sustain the increase to optimize recovery from an injury, the clinician needs to understand 
the choices available among commonly applied modalities. Both therapeutic ultrasound 
and electrical stimulation can be used to increase blood flow, but it is not fully 
understood which modality produces more hyperemia or which one sustains the 
hyperemia longer. Determining which modality is more effective at increasing and 
sustaining blood flow will help clinicians make better decisions for treatment, therefore 
giving the patients the best care possible. 
The purpose of this study was to directly compare electrical stimulation to 
therapeutic ultrasound in regard to changes in blood flow. The authors hypothesize that 
electrical stimulation will be more effective at increasing and sustaining blood flow than 
therapeutic ultrasound. 
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CHAPTER II 
REVIEW OF RELATED LITERATURE 
   
Forearm Anatomy 
Skin 
Skin is one of the more versatile organs of the body and is vital in maintaining 
homeostasis, by preventing many harmful substances and microorganisms from entering 
the body, regulating body temperature, housing sensory receptors and synthesizing 
various chemicals.12 It also contains immune system cells and excretes small quantities of 
waste.12 There are three layers that comprise the skin: epidermis, dermis and 
subcutaneous layer.13  
The epidermis is the most superficial layer of the skin. It is composed of stratified 
squamous epithelium and lacks blood vessels.12 The main function of the epidermis is to 
shield the moist underlying tissues against excess water loss, mechanical injury and the 
effects of harmful chemicals.12 It also keeps out pathogens that can damage the 
underlying tissues.12  
The dermis is the second layer of the skin. It binds the epidermis to the underlying 
tissues and the subcutaneous layer.13 It is composed of dense irregular connective tissue 
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including collagenous and elastic fibers in a gel-like ground substance, and contains 
muscle fibers.14 Smooth muscle fibers are connected to hair follicles and glands, while 
skeletal muscle fibers are connected to the dermis, especially in the skin of the face.12 
There are many nerve cell processes scattered throughout the dermis, such that motor 
processes carry impulses to dermal muscles and glands, while sensory processes carry 
impulses away from the specialized sensory receptors, such as Pacinican corpuscles, 
Meissner’s corpuscles and free nerve endings.12 The main components of the dermis are 
blood vessels, hair follicles, sebaceous glands and sweat glands.14  
The subcutaneous layer is the deepest layer of the skin. It is composed of the 
collagenous and elastic fibers that are continuous with the dermis.12 The purpose of the 
subcutaneous layer is to insulate by conserving body heat and preventing heat from 
entering the body thereby maintaining thermal homeostasis.13 The subcutaneous layer 
also contains major blood vessels that supply the skin as well as branching, smaller 
vessels that supply blood to the dermis.12 This layer is vital to the heat production and 
heat loss function of the skin. 
Heat is a product of cellular metabolism, such that when body temperature rises 
above a set point, nerve impulses stimulate structures in the skin and other organs to 
release heat.12 This process includes the skeletal and smooth muscle cells of the skin.12 
The heat production and loss helps in the maintenance of homeostasis of the body. 
Muscle 
Muscle is comprised of many components and is responsible for movement of the 
body. Individual skeletal muscles are separated and held in position by layers of dense 
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connective tissue called fascia.12 Fascia surrounds each muscle and projects beyond the 
end of its muscle fiber forming a tendon.12 The fibers in the tendon intertwine with the 
periosteum of the bone, attaching muscle to bone.12 There are three primary layers that 
comprise muscle: epimysium, perimysium and endomysium.12 
The epimysium is the layer of connective tissue that closely surrounds skeletal 
muscle.12 Perimysium extends inward from the epimysium and separates the muscle 
tissue into small sections called fascicles, and each muscle fiber within a fascicle lies 
within a layer of connective tissue, which is the endomysium.12 While the three layers of 
muscle are responsible for function, there are specific tissues responsible for contraction. 
The myosin, actin, troponin and tropomyosin form the contractile unit of the muscle.12 
The contractile unit is supplied by blood vessels and nerve in support of the contractile 
function and, depending upon the origin and insertion of the muscle, provide for the 
specific action of the skeletal muscle. Many blood vessels and nerves pass through these 
layers, which assist with the function of the muscles.  
The rotators of the forearm are the supinator and pronator teres. The supinator 
originates on the lateral epicondyle of the humerus and the crest of the ulna and inserts on 
the lateral surface of the radius, and its main action is to assist the biceps brachii in 
supination of the forearm.12 The pronator teres originates on the medial epicondyle of the 
humerus and coronoid process of the ulna and inserts on the lateral surface of the radius, 
and its main action is pronation of the forearm.12 The rotators and wrist flexors are on the 
anterior forearm. 
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The wrist flexors of the forearm are the flexor carpi radialis, flexor carpi ulnaris, 
palmaris longus, flexor digitorum profundus and flexor digitorum superficialis. The 
flexor carpi radialis originates at the medial epicondyle of the humerus and inserts at the 
base of the second and third metacarpals. Its main actions are wrist flexion and radial 
deviation.12 The flexor carpi ulnaris originates at the medial epicondyle of the humerus 
and olecranon process and inserts on the carpal and metacarpals and its main actions are 
wrist flexion and ulnar deviation.12 The palmaris longus originates on the medial 
epicondyle of the humerus and inserts on the fascia of the palm. Its only action is wrist 
flexion.12 The flexor digitorum profundus originates on the anterior surface of the ulna 
and inserts at the base of the distal phalanges in fingers 2-5 and its only action is flexion 
of the distal interphalangeal joints.12 The flexor digitorum superficialis has three heads 
that originate on the medial epicondyle of the humerus, coronoid process and the radius.12 
It inserts on the tendons of the fingers and its action is finger flexion.12 
The anterior compartment of the forearm is known as the flexor-pronator mass.15 
There are three layers of the flexor-pronator mass: superficial, intermediate and deep.15 
The superficial layer consists of the pronator teres, flexor carpi radials, palmaris longus 
and flexor carpi ulnaris.15 The intermediate layer, which is directly beneath the superficial 
layer, consists of the flexor digitorum superficialis.15 The deep layer consists of the flexor 
digitorum profundus, flexor pollicis longus and pronator quadratus.15 
Vascular Supply 
There are many components that comprise the vascular supply of the forearm. 
Blood is a complex mixture of cells, cell fragments and dissolved biochemicals to 
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transport nutrients, oxygen, wastes and hormones.12 The purpose of blood is to maintain 
the stability of the interstitial fluid as well as management of heat.12 The blood vessels 
form a closed circuit of tubes that carry blood away from the heart and back again, 
including arteries, arterioles, capillaries, venules and veins.12 
Arteries are strong elastic vessels adapted for carrying the blood away from the 
heart under high pressure.13 Arterioles are subdivided arteries that are thinner and finer 
branches.12 The walls of the arteries and arterioles are innervated by the sympathetic 
branches of the autonomic nervous system.12 Vasoconstriction is caused by the 
vasomotor fiber stimulation of the smooth muscle cells, which causes constriction of the 
arteries or arterioles.12 Vasodilation is caused by inhibition of the vasomotor impulses, 
leading to smooth muscle relaxation and increase in diameter of the vessel.12 Capillaries 
are the smallest blood vessels in the body and connect the smallest arterioles and the 
smallest venules.12 Veins carry blood back to the atria and follow pathways that parallel 
those of the arteries.13 In the upper and lower limbs, the veins contain valves to aid in 
returning blood to the heart but close to prevent reversal of flow.12 Venules are 
microscopic vessels that continue from the capillaries.12 The vascular supply in the 
forearm is vital to proper function of the upper extremity. 
The brachial artery is the main supply of blood to the upper extremity. It courses 
along the humerus to the elbow and gives rise to the deep brachial artery that curves 
posteriorly around the humerus and supplies the triceps muscle.12 Shorter branches of the 
brachial artery pass into the muscles on the anterior side of the arm, while other branches 
descend on each side of the elbow and connect with the arteries of the forearm.12 The 
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arterial network allows blood to reach the forearm even if a portion of the distal brachial 
artery becomes obstructed.12 The brachial artery divides into the ulnar and radial arteries. 
The ulnar artery leads downward on the ulnar side of the forearm to the wrist and 
some of its branches join the anastomosis around the elbow joint, while others supply 
blood to flexor and extensor muscles in the forearm.12 The anterior and posterior ulnar 
recurrent arteries anastomose with the inferior and superior ulnar collateral arteries.15 The 
common interosseous artery arises from the distal part of the cubital fossa and divides 
into the anterior and posterior interosseous artery.15 The anterior interosseous artery 
passes distally on the anterior aspect of the interosseous membrane, while the posterior 
interosseous artery runs between the superficial and deep layers of the extensor 
muscles.15 The radial artery is vital to proper function of the forearm. 
The radial artery extends along the radial side of the forearm to the wrist and the 
closer it gets to the wrist, it becomes more superficial, therefore being a convenient vessel 
for taking a pulse.12 The pulse can be felt on the forearm easily because it lies on the 
anterior surface of the radius and is covered only in skin and fascia.15 The branches of the 
radial artery join the anastomosis of the elbow and supply the lateral muscles of the 
forearm.12 The radial recurrent artery joins with the radial collateral artery, a branch of 
the deep artery in the forearm.15 The palmar and dorsal carpal branches of the radial 
artery joins with the corresponding branches of the ulnar artery as well as the terminal 
branches of the anterior and posterior interosseous arteries.15 
 
 
10	
	
Nerve Supply 
The forearm receives nerve supply from the median, ulnar and radial nerves. The 
median nerve is the principal nerve of the anterior compartment of the forearm.15 It is 
responsible for supplying the superficial and intermediate layers of the forearm except for 
the flexor carpi ulnaris and the deep layer of the forearm except for the ulnar half of the 
flexor digitorum profundus.15 The ulnar nerve supplies the flexor carpi ulnaris and the 
ulnar part of the flexor digitorum profundus and passes through the Tunnel of Guyon.15 
The radial nerve is primarily responsible for motor and sensory functions in both the 
posterior arm and forearm.15 
Electrical Stimulation 
Theories of Use 
Electrical stimulation is used for many different reasons in the clinical setting. 
While literature supporting the theories of use is limited, research has been done to 
determine the efficacy of the electrical stimulation treatment.6-9,16-38 In clinical settings, 
electrical stimulation is commonly used to increase muscle strength, increase range of 
motion, reduce edema, reduce atrophy, heal tissue and decrease pain.39,40 Along with a 
variety of theories, there are many different types of electrical stimulation. 
One of the more frequently used electrical stimulation settings is transcutaneous 
electrical nerve stimulation (TENS). TENS is an alternate form of electrical stimulation 
that has been used at high frequencies for pain relief 21, but more recently has been used 
at low frequencies to target specific sensory nerve fibers while not activating motor 
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fibers.24 Skin blood flow increases have been seen in healthy individuals at low frequency 
TENS (2 Hz), but not with high frequency TENS (100 Hz).6 However, in another study, 
skin blood flow in ischemic tissue was found to increase with high frequency TENS (80 
Hz), which elicits a strong, tingling sensation.6 Fifteen minutes of low frequency TENS 
(4 Hz) has been shown to significantly increase local skin blood flow, in comparison with 
high frequency TENS (110 Hz) when the electrodes are placed over the median nerve.6 
The authors of this study suggest that the “muscle pump” accumulation of local 
metabolic vasodilator substances and flow-induced vasodilation produce relaxing factors 
when TENS electrodes are placed over the muscle belly, increasing blood flow to the 
muscle.6 Low frequency TENS (4 Hz) has been found to increase local blood flow at the 
forearm and the second and third fingertips only when the intensity was above the motor 
threshold, but no significant changes were found in local or distal skin temperature.7 
TENS is also commonly used for pain relief.17,22,38 Overall, the theory that TENS relieves 
pain is due to an analgesic effect produced as a result of counter stimulation of the 
nervous system modifying the perception of pain.38  
Another type of electrical stimulation is neuromuscular electrical stimulation 
(NMES). The most common application for NMES is preventing muscle atrophy and 
increasing blood flow. NMES has been used frequently in paralyzed and bed-ridden 
patients to promote physiological and functional improvements in paralyzed limbs, as 
well as counteract musculoskeletal atrophy32 by altering the intrinsic characteristics of the 
individual’s paralyzed tissue.18 In regards to improving blood flow, NMES is most 
commonly applied to bed-ridden individuals to prevent a deep vein thrombosis (DVT). 
The theory of using NMES for this purpose, is that it creates an artificial calf muscle 
12	
	
pump9 during the active cycle of the treatment.19 The electrodes are placed over the 
motor points of the calf musculature, resulting in ejection of blood from the venous 
compartment of the lower leg; the venous flow is similar to that of a voluntary muscle 
contraction, with relaxation of the muscle to allow the vessels to refill and the one-way 
valves preventing backflow.19 
Patterned electrical nerve stimulation (PENS) is another form of electrical 
stimulation, most commonly used in post-surgical individuals, as well as during activity. 
The most common surgical treatments in which PENS is used are total knee and total hip 
arthroplasty.27 PENS is found to replicate typical firing patterns of muscles (reciprocal 
muscle pairs) in triphasic patterns (ballistic), biphasic patterns (reciprocal) or functional 
patterns.27 Clinical evidence has shown that functional patterns of electrical stimulation, 
which are task specific and in conjunction with voluntary movement, improves motor 
learning and functional performance.27 This is ideal for post-surgical patients because this 
leads to faster recovery and similar functionality as compared to before they were 
injured.27 
Benefits of Electrical Stimulation 
While there has been little research on electrical stimulation, evidence has shown 
many benefits of its use. Patients have seen improvements in functional 
performance27,30,32,38, muscle reeducation following ACL reconstruction28, increased 
blood flow6-9,16,18,19,22-24,26,29,31,33,34,36,41,42, reduced neuromuscular activation 
deficits16,17,20,21,24,26,28,30,32,37,38,42, pain reduction and improved psychological wellbeing. 
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Some electrical stimulation units are portable and user-friendly, so patients can use them 
while performing rehabilitation exercises and at home following surgery. 
While TENS has many benefits associated with its use, the main benefit found in 
the research is pain reduction. Long-term follow up reports of patients using TENS has 
shown a 40-58% decrease in pain, as well as a reduction in interference with work and 
social activities22; increased activity levels and decreased use of other therapies and 
medications have also been associated with the use of TENS.22 The neurophysiological 
basis for pain relief from TENS is directly based on the ‘gate control’ principle of 
pain2,22, such that positive analgesic effects have been found in patients with chronic 
musculoskeletal pain, knee osteoarthritis and rheumatoid arthritis.22 Most recent research 
has found additional benefits to other forms of electrical stimulation. 
Multiple benefits of NMES treatment have been investigated and determined. In 
addition to rehabilitation post total knee arthroplasty, NMES can reduce neuromuscular 
activation deficits and postoperative hospital stay while improving walking speed and 
extensor lag, as well as improving mental health status.38 In a recent study, an increase in 
electromyographic activity in the biceps femoris after electrical stimulation of the patellar 
tendon graft, indicates that the ACL-hamstring reflex in the human knee after ACL 
reconstruction is re-established.28 In regards to improving blood flow to the treatment 
area, this appears to be the most investigated benefit of NMES. In situations of low levels 
of patient mobility, NMES artificially activates the calf muscle pump, preventing 
stagnation of blood and development of DVT.9 Also, in regards to improving 
hemodynamics, NMES is an alternative that competes favorably with existing methods, 
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especially in ease of use and patient compliance.19 The NMES device is portable, 
noiseless and does not require a clinician to operate, therefore making it easy to use at 
home; removal of the electrodes is not necessary for patient movement, as stimulation 
can be paused.19 The device can be worn while the individual is immobile, standing or 
walking, so it is ideal to use during the early immobilization stage following surgery and 
throughout the rehabilitation period at home.19 The physiological muscle contraction 
during walking can be reproduced with the use of NMES, which results in a large 
increase in venous return.19  
Other various benefits of electrical stimulation have been found in clinical 
research. PENS may have the potential to improve functional performance in healthy, 
nonathletic and athletic populations by altering neuromuscular recruitment, by enhancing 
the timing of recruitment.27 A study concerning wound healing found that stimulating 
gluteal muscles in able-bodied subjects showed a redistribution of interface pressures 
away from the ischial region along with an increase in local blood flow while the muscle 
was being actively stimulated.18 Additionally, muscular vascularization has been found to 
increase as early as four days after starting low-frequency electrical stimulation18; 
capillary density can triple in paralyzed muscles after two weeks of moderately intensive 
stimulation, which improves fatigue resistance.18  
Muscular Contraction by Electrical Stimulation 
One common therapeutic use of electrical stimulation is to produce muscle 
contractions. There are several indicated uses for motor level electrical stimulation. The 
resulting muscle contraction can help the clinician with meeting treatment goals that may 
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include reducing pain, countering disuse atrophy, increasing blood flow, overcoming 
reflex inhibition, reducing spasm, and overcoming neurologic deficits.2 These treatment 
goals may be related to treating conditions that include spinal accessory nerve injury16, 
spinal cord injury21, sprains, strains and joint dysfunction. Among the specific indicated 
uses of motor level electrical stimulation are pressure ulcers18,33,36,38, reeducation of 
muscles following surgery28 and treatment of nerve dysfunction.2,17,22,27  
Muscle activation by electrical stimulation for prevention of pressure ulcers (PUs) 
has been found to improve interface pressure distribution and intrinsic risk factors for the 
development of these sores.33 Electrical stimulation of the gluteal muscles temporarily 
decreases interface pressure below the ischial tuberosities, which causes a change in 
muscle shape and tone and mitigates the pressure from beneath the ischial tuberosities.33 
In a recent study, the authors compared the stimulation-rest interval of 1:1 s during three 
minutes of electrical stimulation to a different protocol of 1:4 s of electrical stimulation.33 
With this interval, the activated muscles would be allowed more time to recover from 
contractions, which improved the force of the contractions and decreased fatigue.33 At the 
end of this study, the authors found that ischial tuberosity pressure and pressure gradient 
during electrical stimulation compared with rest were not significantly different between 
the protocols, although there was a tendency for larger reductions with protocol 1:4 s than 
with protocol 1:1 s.33 In another study investigating electrical stimulation to treat pressure 
sores, the authors utilized pigs as the subjects and they found similar results.34 The results 
show that the use of intermittent electrical stimulation significantly reduced the extent of 
deep tissue injury in the pigs.34 By the fourth week of the study, the authors found that 
the volumetric extent of injury in the loaded legs of the pigs that did not receive electrical 
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stimulation was nearly seven times larger than in the pigs that received electrical 
stimulation.34 This shows that electrical stimulation can counteract both mechanical and 
vascular factors that lead to deep tissue injury development.34 
NMES interventions for skeletal muscle atrophy and spasticity are typically used 
at electrical currents of 30 to 70 Hz range to elicit tetanic contractions in target muscles in 
order to produce movement.21 In another study regarding muscular contraction and 
electrical stimulation, NMES was placed over the spinal accessory nerve rather than the 
muscle belly in order to augment the central contribution to electrically stimulated 
contractions, which may help reduce muscle atrophy.16 During this study, bilateral 
exercise and NMES were combined to address central and peripheral mechanisms that 
contribute to trapezius dysfunction.16 This was the first study that investigated an 
intervention involving a combination of wide pulse-width, high-frequency NMES with 
bilateral exercise for trapezius dysfunction following the return of conduction along the 
spinal accessory nerve.16 This novel application of NMES was used to help reduce 
muscle atrophy and enhance the electrically-evoked sensory volley sent to the central 
nervous system (CNS) to increase the activity and excitability in sensorimotor 
pathways.16 Another application of NMES that is similar to the previously discussed 
method is called electrical stimulation resistance training (ES-RT).21 This method is a 
combination of electrical stimulation and application of external load of dead weight 
resistance, which has been shown to increase muscle size in a patient with spinal cord 
injury.21  
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In a study conducted by Giavedoni et al.26, the authors investigated the application 
of a short NMES program in preventing skeletal muscle function deterioration in patients 
with chronic obstructive pulmonary disease (COPD) during severe exacerbations of 
COPD (SECOPD). The authors found that the effect of NMES on muscle strength in the 
stimulated leg was directly related to the amount of energy applied throughout the 14 
days treatment.26 The results also demonstrated that there was a clear difference in the 
amount of energy tolerated by the male patients in comparison with the females.26 The 
male subjects were able to sustain higher intensities throughout the treatment and reach 
higher stimulation levels by the end of program in comparison to the female subjects.26 In 
addition to these findings, the study also demonstrated that the NMES program not only 
prevented deterioration of muscle function, but also improved muscle strength in the 
stimulated legs in comparison with the control legs.26  
TENS has also been applied to patients suffering from temporomandibular 
disorder (TMD). This technique has shown to produce an antalgic effect in symptomatic 
patients along with a positive relaxing effect on the masticatory muscles.42 Following the 
application of TENS during this study, a reduction in muscle activity was observed in all 
the muscles in the motor and sensorial threshold of stimulation groups.42 In the control 
group, only the right masseter muscle, left digastric anterior and right digastric anterior 
showed a reduction in muscle activity values, but their findings were not statistically 
significant.42 However, significant pre- and post-treatment differences were observed in 
the motor and sensory threshold of stimulation groups for the left and right temporalis 
anterior and left and right masseter muscles.42 
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Blood Flow and Electrical Stimulation 
Electrical stimulation is commonly used to improve blood flow in muscles, which 
assists in the healing process of injury, by bringing healing nutrients to the damaged 
tissue.43 The research is limited and varied as to whether electrical stimulation is effective 
in improving blood flow. Some of the studies have included patients recovering from 
total hip arthroplasty and bed-ridden patients, in order to prevent DVT from 
developing.9,19 Another study has applied electrical stimulation to upper trapezius trigger 
points.6 These studies had the same goal to determine whether electrical stimulation 
improved blood flow, and the results showed that blood flow did increase with electrical 
stimulation. 
NMES can be used as a DVT prevention method when applied to the calf muscle. 
The calf muscle activation compresses the intramuscular and surrounding veins, which 
raises venous blood pressure and forces blood back toward the heart.9 Contracting the 
calf muscles increases lower limb blood flow in order to meet the metabolic demands of 
exercising skeletal muscles.9 The increase in lower limb blood flow prevents the pooling 
and stagnation of blood in the lower limb.9 NMES has been used on patients with limited 
mobility, especially following total hip arthroplasty.9 Broderick et al.9 found that the 
percentage increase in peak velocity produced by NMES in the non-operated limb (13.8 ± 
7.6 versus 43.9 ± 13.7 cm/s) was significantly higher than that of the operated limb (12 ± 
5.9 versus 22.5 ± 16.8 cm/s) in total hip arthroplasty patients. NMES elicited calf muscle 
contractions resulted in mean velocities that were 178% higher than resting in the 
operated limb (2.3 ± 1.4 versus 7 ± 5.7 cm/s) and 354% higher than resting in the non-
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operated limb (3.7 ± 2 versus 12.9 ± 4.3 cm/s).9 In another study conducted by Broderick 
et al.19, in which the authors compared intermittent pneumatic compression (IPC) to 
NMES in regards to blood flow in the calf, the results showed that NMES produced 1.7 
times the ejected volume in comparison to calf IPC (15.4-30.81 ml). The authors 
determined that this occurred because NMES produces a physiological muscle 
contraction similar to that observed during normal walking, resulting in the large increase 
in ejected volume, therefore, decreasing the risk of developing DVT.19 Both studies used 
diagnostic ultrasound to measure blood flow. 
There have been some studies comparing electrically stimulated muscular 
contractions and voluntary muscle contractions in regards to blood flow. Miller et al.29 
found that following a TENS treatment, participants had an increase in blood flow (4.5 ± 
0.1 versus 6.9 ± 0.2 ml/100ml/min) and a decrease in vascular resistance (22.8 ± 0.8 
versus 14.0 ± 0.5) that persisted until the 15 second post exercise measurements, but 
overall, there was no time x condition interaction for either blood flow or vascular 
resistance. These results were obtained through electromyographic images. The authors 
suggest that the results may be secondary to a basic qualitative difference in electrically 
evoked versus voluntary muscle contractions.29 In electrically stimulated contractions, 
there is a partial reversal in the order in which motor units are recruited (large-to-small, 
as opposed to small-to-large) and motor units fire synchronously with electrically 
induced contractions as opposed to asynchronously with voluntary contractions.29 The 
reversal of the recruitment order during TENS would be expected to alter proportions of 
type I (slow-twitch) versus type II (fast-twitch) muscle fibers participating in the 
contraction.29 The authors suggest that recruitment of more type II fibers during TENS 
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could lead to an increase in the release of vasodilatory metabolites such as hydrogen ions, 
adenosine and phosphate.29 
In regards to specific TENS parameters and the effects on blood flow, Sandberg et 
al.6 conducted a study on upper trapezius trigger points, using photoplethysmography to 
measure blood flow. The results of this study showed that blood flow rose rapidly with 
the onset of motor-level 2-Hz TENS and after the treatment, blood flow quickly returned 
to baseline levels.6 There was a modest blood flow increase (25% relative change) shown 
with subsensory TENS that the authors determined was not related to the onset of 
stimulation, but rather showed a slowly increasing pattern throughout the study.6 There 
was a significant difference seen among the TENS interventions in that the mean muscle 
blood flow increase was significantly larger with motor-level 2-Hz TENS compared with 
both sensory-level 80-Hz TENS and subsensory TENS.6 No difference was found 
between sensory-level 80-Hz TENS and subsensory TENS.6 During the 15-minute post-
stimulation period, no significant difference in mean blood flow increase was found 
between motor-level 2-Hz TENS and subsensory TENS, both of which were superior to 
sensory-level 80-Hz TENS.6 The authors also looked at skin blood flow during this study 
and found that when comparing stimulated and non-stimulated shoulders, there were no 
increases seen following any of the TENS treatments.6 
Contraindications of Electrical Stimulation 
As with all treatments, there are some contraindications associated with the 
application of therapeutic electrical stimulation. Depending on the settings for electrical 
stimulation, rapid onset of muscle fatigue during repeated contractions can result in 
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muscle force decay and slowing of muscle contractile properties.32 Patients may also be 
anxious about using electrical stimulation, especially for the first treatment. In one study 
the group receiving electrical stimulation experienced a significantly higher heart rate 
than the control group, which is potentially due to their level of anxiety concerning the 
treatment.8 Discomfort and pain are important contraindications for the application of 
electrical stimulation. In one study involving therapeutic electrical stimulation, 
individuals were asked to report whether the intensity decreased during the treatment in a 
study; if this was the case, the intensity was increased again in order to maintain the 
initial sensation.6 Researchers believe this procedure may have encouraged the subjects to 
accept an intensity that was more intense than intended because some of the participants 
reported discomfort or pain after the stimulation.6 Along with discomfort and pain, skin 
irritation and chemical burns have been found with electrical stimulation, especially in 
individuals with hypersensitive skin.25 This type of skin irritation typically occurs with 
the use of monophasic stimulation because of the unidirectional flow in the circuit leads 
to an alkaline buildup at the positive electrode and an acidic buildup at the negative 
electrode.25  
There are many contraindications associated with specific types of electrical 
stimulation as well. In regards to TENS the main contraindications are in individuals with 
a pacemaker, heart disease, and application at the transthoracic area, due to the potential 
of creating an irregular electrical rhythm in the heart.2 Also, TENS should be 
discontinued if skin irritation develops.2 With the application of NMES, the main 
contraindications for this electrical stimulation are in individuals with a pacemaker, over 
the heart or the brain, over recent or nonunion fractures and over potential malignancies.2  
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Therapeutic Ultrasound 
Theories of Use 
Therapeutic ultrasound has many theories of use and they are generally labeled 
together as nonthermal and thermal effects. Thermal effects of therapeutic ultrasound 
include increased blood flow44,45, reduction in muscle spasm46,47, increased extensibility 
of collagen fibers48,49 and a proinflammatory response.50,51 Nonthermal effects of 
therapeutic ultrasound are increased cellular diffusion, increased membrane permeability, 
and improved tissue regeneration due to increased protein synthesis.3,52  
Ultrasound has been used to treat a variety of disorders and it is most commonly 
used in the management of skin wounds and soft tissue injuries.53 In regards to thermal 
effects of ultrasound, the main purpose of a thermal setting is to improve blood flow and 
provide analgesic effects to the tissue in chronic soft tissue injuries that result in 
inflammation.3 When properly applied, therapeutic ultrasound provides thermal effects 
that increase tissue temperature, increase blood flow and extensibility of tissues, relax 
muscle spasm and provide analgesia to local tissues.1 A reduction in pain and tenderness 
and increased muscle strength in delayed-onset muscle soreness (DOMS) were found in 
one study.53 Other effects of thermal ultrasound include changes in nerve conduction 
velocity, increased enzymatic activity, changes in contractile activity of skeletal muscle, 
increased collagen extensibility, increased local blood flow and increased pain threshold.3 
Thermal effects can be achieved with continuous ultrasound and adequate intensity of the 
treatment.54  
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Nonthermal effects of therapeutic ultrasound are more commonly desired in the 
early stages after injury.53 Reports have found that nonthermal effects aid the immune 
response by inducing vasodilation of arterioles and activation of adhesion molecules, 
which are regulated by signal-transduction pathways.53 This indicates that ultrasound 
modifies cellular activity by modulating one or more signal-transduction pathways.53 One 
research study found that ultrasound affects the immune response, such that it can 
modulate vasoconstriction; lymphocyte adhesion properties of endothelium; mast cell 
degranulation; enhance phagocytosis; increase production of growth factors by 
macrophages; improve calcium fluxes in fibroblasts; increase angiogenesis; increase 
proliferation of T-cells, osteoblasts, fibroblasts and many proteins associated with 
inflammation and repair; and accelerates thrombolysis.55 Nonthermal effects are desired 
when heating of the injured tissues should be minimized and can be accomplished with 
either continuous or pulsed ultrasound depending upon the intensity of the ultrasound.53 
Benefits of Therapeutic Ultrasound 
Therapeutic ultrasound has been found to provide many benefits to patients 
recovering from soft tissue injuries. This treatment is most commonly used for soft tissue 
injuries, but some recent studies have found benefits of ultrasound in the treatment of 
fractures.56-60 Most of the previously investigated benefits are related to assisting with the 
inflammatory process of healing.2,4,55,60,61  
In regards to assisting with the healing process following fractures, a study found 
that fractures treated with active low intensity pulsed ultrasound (LIPUS) achieved the 
same level of radiographic healing and had more callus formation than inactive LIPUS 
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treated fractures, as well as better fracture site mechanical properties.62 In this study, 
active LIPUS referred to ultrasound that provided some physiological changes, while 
inactive LIPUS is referred to as the placebo treatment.62 Another recent study 
investigated the effects of therapeutic ultrasound on femur fractures in rats.58 The authors 
of this study found that there was a significant increase in woven bone tissue in the 
fracture site of the ultrasound group, in comparison to the control group.58 This tissue 
regeneration was also found in a study conducted in five athletes suffering from anterior 
mid-tibia stress fractures.59 
The inflammatory phase of the healing process is vital to proper recovery from 
injury and therapeutic ultrasound has been found to assist in that process. Ultrasound 
interacts with one or more components of inflammation and assists in earlier resolution of 
inflammation; it also accelerates fibrinolysis, stimulation of macrophage-derived 
fibroblast mitogenic factors, heightened fibroblast recruitment, accelerated angiogenesis, 
increased matrix synthesis, denser collagen fibrils and increased tissue tensile strength.53 
LIPUS directly stimulates osteogenic cells, leading to mineralized nodule formation to 
regenerate osteoblasts, assisting with osteogenic differentiation.57 Improving tissue blood 
flow is an essential component of recovery and four studies have determined that, 
depending on the dosage and duration of treatment (high intensity and long duration), 
total forearm blood flow increased by 25% or more.63 Soft tissue injuries have shown to 
have significant benefits of therapeutic ultrasound treatment. 
Along with the benefits in the inflammatory phase of the healing process, 
significant changes during the proliferation and the remodeling stages of soft tissue 
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injuries result from therapeutic ultrasound application. Injured tendons have shown 
improved breaking strengths at 5, 9, 15 and 21 days post-injury, along with increased 
collagen synthesis five days after injury, in comparison to untreated tendons.64 In a study 
involving trigger points of the upper trapezius muscle, the muscle was found to contract 
following therapeutic ultrasound application due to the increased depth and pressure of 
the treatment, which resulted in relaxation of the trigger points of the upper trapezius 
muscle.65 
Therapeutic ultrasound is commonly used for increasing blood flow to the 
treatment site. The blood flow changes seen in tissues due to therapeutic ultrasound occur 
by the tissue temperature increasing during the treatment, and tissue heating properties of 
the treatment, but there is still some controversy on this potential effect. The extent of 
tissue heating is dependent on a number of variables.4 Specific temperature increases are 
required to achieve beneficial effects in the treated tissue.66 One study found that, where 
baseline muscle temperature was 36-37° C, an increase of 1°C is considered mild heating, 
which accelerates metabolic rate in tissue.66 For moderate heating, an increase of 2-3°C 
reduces muscle spasm, pain, chronic inflammation and increases blood flow.66 Vigorous 
heating increases the viscoelastic properties of collagen and inhibits sympathetic 
activity.66 It has been suggested that tissue temperature in an area equal to the radiating 
area of the ultrasound applicator will increase at a rate of 0.86°C per minute when 
delivered with a stationary applicator at a frequency of 1 MHz and at an intensity of 1.0 
W/cm2.66 However, if the area is increased to twice the effective radiating area of the 
transducer, which is roughly less than twice the transducer surface area, the thermal 
effect would occur at 0.43°C per minute.66 In a study conducted by Draper et al.66, the 
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authors found that at 3 MHz frequency at doses of 1.5 W/cm2 and 2.0 W/cm2 the rate of 
temperature increase was so rapid that some subjects could not complete the 10-minute 
treatment due to discomfort.66 The rate of heating at 1.0 W/cm2 at the 1 MHz frequency 
was 0.16°C per minute and the 3 MHz frequency heated about three times greater than 1 
MHz at all doses.66 There were no significant differences found between the maximum 
temperature increases for the two depths of each dose at the end of the 1 MHz 
treatments.66 
There has also been research conducted to compare continuous and pulsed 
ultrasound treatments in regards to blood flow velocity.4,67 Intensity is one of the main 
factors that determine heating effect.4 Both continuous and pulsed ultrasound treatments 
increased intramuscular tissue temperature in all subjects.67 However, in a study 
conducted by Gallo et al.67, there were no statistically significant differences in the 
baseline temperature, the extent, or the rate of intramuscular tissue temperature increases 
between the pulsed and continuous ultrasound conditions. Both treatments heated the 
tissue at an average rate of 0.28°C/min.67 One study found that reduced heating occurs 
for pulsed ultrasound as opposed to continuous ultrasound.4 Previous research found that 
limiting the area treated and a treatment time of at least 7 to 8 minutes is necessary in 
order to achieve a rise in temperature.4 
There have also been studies investigating the velocity increases in blood flow 
due to therapeutic ultrasound. One study using center line red blood cell velocity 
measurements showed decreased blood flow in 30 micrometer-diameter arterioles of rat 
cremaster muscle following ultrasound treatments at 1.0 MHz and 5.0-10.0 W/cm2 for 5 
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minutes and an increased blood flow in larger vessels of 30-50 micrometer-diameter 
arterioles treated at 2.5 W/cm2 for 5 minutes.5 Repeated exposure during this study over a 
1- to 3-week period did not increase blood flow velocity above baseline readings; 
however, there was less decrease in resting blood flow velocity than the untreated control 
ischemic tissue.5 In another study, dogs treated with 1.0 W/cm2 for 15 minutes showed a 
significant increase in blood flow during the last 5 minutes of treatment, but the 
investigators suggested that the observed increase in blood flow may have been related to 
the amount of hyperthermia in the treated tissue.5 In the same study, the effects of 
ultrasound on blood flow in humans was examined as well, and half of the subjects 
treated with 2.0 W/cm2 for 20 minutes showed a 25% increase in blood flow when 
compared to the control group.5 The results of this study indicate that treatments of 1 
MHz at 1.5 and 1.0 W/cm2 showed statistically significant increases in blood flow 
velocity when compared with all other treatments.5 However the groups that received 3 
MHz at 1.2 and 1.0 W/cm2 showed no statistically significant changes in blood flow 
velocity when compared to the sham treatment.5 The study conducted by Fabrizio et al.5 
suggested that these results may be due to the possibility that the massage of muscle 
tissue can influence autonomic functions by causing increased skin and body 
temperatures and alterations in respiratory rate, systolic and diastolic blood pressure, and 
heart rate. Therefore, based on the findings, the decreased blood flow velocity found in 
the sham group, which received a therapeutic ultrasound treatment with no intensity, in 
comparison to the control group may be due in part to the massaging effect of the 
ultrasound applicator head.5 The other possible factor to consider for effects of blood 
flow is a nonthermal mechanism of diffusion of ions.5 Studies have found that the 
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microstreaming effect of ultrasound could alter cell membranes and influence the 
diffusion of substances and ions across the membrane.5 Another potential factor involved 
in hemodynamic changes may be due to the release of histamine in the treated tissue.5 It 
has been found that ultrasound treatment may cause degranulation of mast cells and the 
consequent release of histamine.5 
The speed of the transducer movement may be a factor that affects the heating 
benefit, and in turn, the blood flow velocity of the ultrasound treatments. In previous 
research, it has been determined that moving the transducer head at greater than 4 cm/s 
results in decreasing the total amount of energy absorbed per unit area and leads to 
decreased heating benefit.68 The results of the study conducted by Weaver et al.68 showed 
that the heating effect was similar among the different treatments regardless of the 
transducer velocity, such that the increases in tissue temperature reported for transducer 
rates of 2 to 3 and 3 to 4 cm/s were similar to previously reported outcomes. However, 
the authors stated that potential differences in transducer energy output can affect 
temperature changes with different ultrasound transducers, even with the same treatment 
parameters.68 Also in regards to the transducer and the effect on heating, Demchak et al.69 
compared three separate transducers that were manufactured by the same company 
(Accelerated CarePlus, Reno NV) and had similar ERA, power, BNR and set at the same 
intensity of 1.2 W/cm2. The results showed that the three different transducer sizes 
produced different heating curves in human tissue.69 
There is still controversy regarding whether blood flow increases with therapeutic 
ultrasound treatments. Research indicates that homeostatic mechanisms counteract the 
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rise in temperature of tissues exposed to heating.4 The success of homeostasis in 
maintaining normal temperature depends on the balance between heat gain and heat loss.4 
A study found that homeostatic control was unable to prevent the rise in tissue 
temperature and the authors suggest that local and general homeostatic mechanisms are 
only partially successful in quickly reversing the effect of a rise in tissue temperature.4 
The resultant tissue temperature following heating will primarily depend on the extent of 
conduction into surrounding tissues and dissipation by blood perfusion. This is highly 
variable and difficult to determine, and known to be poor in fatty tissue and tendon.4 
One study found that changes in blood flow due to heating at clinically acceptable 
doses are more confined to the skin, rather than deeper tissues.4 The investigators found 
that when using duplex ultrasound scans to measure saphenous vein cross-sectional area, 
heat stress resulted in doubling of the cross-sectional area and blood volume in this vein.4 
An increase in blood flow gave a rapid turnover of warm blood, which assisted cooling.4 
Use of radioactive tracers in human subject muscles showed that heating agents, like 
ultrasound, do not cause an increase in blood flow that is comparable to that caused by 
moderate exercise.4 There also have been many studies that did not find improvement in 
muscle blood flow following therapeutic ultrasound, using tolerable intensities, but it has 
been suggested that there may be improvements with using intolerable ultrasound 
intensities.4 
Another theory that is part of the controversy on this topic is increased cellular 
activity due to heating from therapeutic ultrasound. The type of cell affected by an 
increase in temperature is not specified, but the increased cellular or enzymatic activity 
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implicates that this process accelerates the healing process.4 However, there is no 
evidence that connects these two processes.4 
Increasing collagen extensibility is thought to be a result of heating with 
therapeutic ultrasound, but there has only been one in vivo study determining if this 
occurs.4 This was performed on human knees at 1.5 W/cm2 , 1 MHz for 8 minutes and the 
results indicated slight, but not significant, increases in extensibility of the lateral and 
medial collateral ligaments.4 There have been in vitro studies70-77 on this effect as well, 
but the increased extensibility with heating was very small.4 
Contraindications of Therapeutic Ultrasound 
While therapeutic ultrasound is a useful treatment option, there are many 
contraindications to be considered before application. The most cited contraindications in 
the research are application over the eyes, over growing epiphyseal plates or in 
individuals with impaired circulation.78 Another potential contraindication may be the 
application in individuals with DOMS53, and even though there have been benefits 
discovered in fracture repair, some studies have found that therapeutic ultrasound 
application is contraindicated in the treatment of fractures.62 These studies have found 
that ultrasound energy can produce significant tissue damage when applied to the 
skeleton because of unique biophysical interactions between ultrasound and bone.62 
Ultrasound is thought to cause premature closure, slipping and displacement of the 
epiphyseal growth plates, bone sclerosis, diaphyseal fractures and fibrosis, and delayed 
healing during fracture repair.62 
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Patients may also feel the transducer head of the therapeutic ultrasound become 
hotter depending on the coupling agent and the amount of coupling agent used.1 The 
researchers found that the thicker the coupling agent, the higher the transducer 
temperature and the lower the transmission of the ultrasound beam.1  
There are many other contraindications associated with therapeutic ultrasound, 
especially in regards to regions of the body where application should be avoided. 
Treatment over the reproductive organs, heart, below the ribs, malignant tissue and active 
infection are contraindicated.2 Application over metal implants may also be 
contraindicated in some individuals, especially for those with total joint replacements.2  
Some specific conditions are contraindications to the use of therapeutic 
ultrasound. If an individual has an area of decreased sensation, therapeutic ultrasound is 
contraindicated due to the patient’s possible difficulty perceiving pain and temperature.2 
Treatment of areas with decreased circulation is contraindicated as well, because 
excessive heat buildup can damage tissues.2 Patients with thrombophlebitis should not 
receive this treatment because a clot could be dislodged and create an embolus.2  
The Healing Process 
Inflammatory Response Phase 
The healing process begins immediately after injury resulting in damage to 
tissues. There are three phases of the healing process: inflammatory response, fibroblastic 
repair and maturation remodeling. Blood flow varies considerably during this process and 
these changes are vital in proper recovery from injury.  
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The inflammatory response phase begins immediately following injury. This 
phase is characterized by redness, swelling, tenderness and increased tissue 
temperature.43 The immediate response to tissue damage in regards to blood flow is a 
vasoconstriction of vascular walls in the vessels leading away from the site of injury and 
lasts for about five to ten minutes.43 This vasoconstriction presses the opposing 
endothelial wall linings together to produce a local anemia that is replaced by hyperemia 
of the area due to vasodilation.43 The increase in blood flow gives way to slowing of the 
flow in the dilated vessels, allowing circulating leukocytes to adhere to the vascular 
endothelium.43 This initial effusion of blood and plasma lasts for 24 to 36 hours, after 
which, chemical mediators flood the damaged tissue to continue the inflammatory 
response phase.43 
Chemical mediators are derived from the presence of bacteria, damaged tissue, 
plasma enzyme systems and white blood cells.43 There are several chemical mediators 
including histamine, leukotrienes, prostaglandins and cytokines. Histamine is released 
from the injured mast cells and causes vasodilation and increased cell permeability, in 
turn, causing swelling of endothelial cells and then separation of the cells.43 Leukotrienes 
and prostaglandins are responsible for margination (when leukocytes, neutrophils and 
macrophages adhere to the cell walls), increased cell permeability and they affect the 
passage of fluid and white blood cells through capillary walls.43 This is accomplished 
through diapedesis, which leads to the formation of exudate.43 Cytokines are major 
regulators in leukocyte traffic and help attract leukocytes to the site of inflammation.43 
The primary cytokines involved are chemokines and interleukin.43 Cytokines also cause 
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phagocytes to enter the inflammation site within a few hours of injury and lead to the 
amount of swelling.43  
The presence of the chemical mediators leads to exposure of collagen fibers in the 
damaged tissue.43 The exposure of the collagen fibers allows the platelets to adhere in 
order to create a matrix on the vascular wall where additional platelets and leukocytes 
adhere and form a wound plug.43 The plug acts to block the local lymphatic fluid and 
localize the injury response.43 Following the plug formation fibrinogen is converted to 
fibrin, which is the initial event that precipitates clot formation.43 Thromboplastin causes 
prothrombin to be changed into thrombin, which causes the conversion of fibrinogen into 
a fibrin clot that blocks blood supply to the injured area.43 This process begins around 
twelve hours after injury and finishes within 48 hours.43 The injured area becomes walled 
off during this phase, to prevent the inflammation from moving to other tissues. Towards 
the end of this phase, granulocytes phagocytize the necrotic tissue.43 Once this process is 
complete, the tissue is prepared for the fibroblastic repair phase. 
Fibroblastic Repair Phase 
The fibroblastic repair phase is mostly characterized by fibroplasia, beginning 
within the first few hours after injury and lasts as long as four to six weeks.43 Many of the 
signs and symptoms of injury decrease during this phase, although there may still be 
some tenderness to touch and pain with certain movements; however, as scar formation 
progresses, pain and tenderness will decrease even more.43 During this process, the 
growth of endothelial capillary buds into the wound is stimulated by a lack of oxygen to 
the damaged tissue.43 Increase in blood flow is seen in this phase, which delivers 
34	
	
nutrients essential for tissue regeneration in the area.43 Following this increase in blood 
flow, the fibrin clot is broken down, forming granulation tissue.43  
The granulation tissue consists of fibroblasts, collagen and capillaries. As the 
capillaries continue to grow, fibroblasts accumulate at the wound site in a loose, 
disorganized matrix.43 Fibroblastic cells begin to synthesize an extracellular matrix that 
contains fibers of collagen and elastin and a ground substance that consists of nonfibrous 
protein called proteoglycans, glycosaminoglycans and fluid.43 By day six or seven, the 
fibroblasts produce collagen fibers that are deposited in a random order throughout the 
injured tissue forming a scar; the tensile strength of the scar increases in proportion to the 
rate of the collagen synthesis.43 As the strength of the scar increases, the number of 
fibroblasts decreases.43 At this point, the maturation remodeling phase begins. 
Maturation Remodeling Phase 
The maturation remodeling phase is characterized by realignment of the collagen 
fibers that make up the scar tissue, in proportion to the tensile forces to which that scar is 
subjected.43 Breakdown and synthesis of collagen are ongoing with a steady increase in 
the tensile strength of the scar matrix.43 Increased mechanical stress and strain on the scar 
leads to realignment of collagen fibers in a position of maximum efficiency parallel to the 
line of tension. This causes the tissue to gradually assume normal appearance and 
function.43 If proper stress and strain is placed on the scar matrix, at the end of this 
process a contracted, strong, avascular scar exists.43 This phase, however, may require 
several years to fully complete.  
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CHAPTER III 
                METHODS 
Design 
The design of the investigation was a crossover study. The independent variables 
were condition (electrical stimulation and therapeutic ultrasound) and time (baseline, 
immediately post-treatment, 5 minutes post-treatment and 10 minutes post-treatment). 
The dependent variables were blood flow volume, time average mean velocity and 
duration of blood flow changes. 
Participants 
Thirty-six participants (22 females, 14 males; 21.19 ± 1.65 years old; 70.69 ± 
11.54 kg; 170.96 ± 9.24 cm) volunteered to participate. The non-dominant forearm (the 
arm the participants choose to not write with) of all participants was chosen as the 
treatment site because of minimal subcutaneous fat and accessibility.3 The inclusion 
criteria for study was participants in good overall health between 18 and 30 years of age. 
The participants were excluded if they had any injury to the neck, shoulder, elbow, wrist 
or hand within the last year including infection, localized swelling,3,54 neuropathy or 
ischemia, had any known nerve conditions, bleeding conditions, had an open wound on 
the non-dominant arm, pregnancy, hypersensitive skin, pacemaker, heart disease, cancer, 
metal implants, decreased sensation, decreased circulation, thrombophlebitis, any heat 
sensitivities or dislike of muscle twitching sensation.2 
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Instrumentation 
Therapeutic ultrasound was delivered by a Winner CM4 ultrasound machine 
(Rich-Mar, Chattanooga, TN). The transducer had an effective radiating area (ERA) of 
4.0 cm2 and a beam non-uniformity ratio (BNR) of <4.0 and was calibrated before 
research began.54 Five milliliters of an aqueous Aquasonic Clear ultrasound gel (Parker 
Laboratories, Inc, Fairfield, NJ) was used as the coupling medium and kept at room 
temperature.68  
Electrical stimulation was delivered by a 2-channel stimulator (ARISTA 2000, 
Eagle Medical, St. Louis, MO). The TENS unit was set to deliver motor-level 2-Hz. 
Research has shown that motor-level 2-Hz application increases muscular blood flow 
when applied to the upper trapezius muscle.6 The frequency and intensity of the TENS 
was used to elicit contractions of the flexor-pronator mass of the forearm.6 
Doppler ultrasound using a 5-12 MHz linear transducer (Terason T3000, 
Teratech, Burlington, MA) was used to monitor blood flow in the radial artery of the 
participants. To ensure the precision of the Doppler ultrasound operator, a reliability 
analysis was performed and the calculated Cronbach alpha coefficient was .38.  
All blood flow measurements were taken at the radial artery. The Doppler 
ultrasound also calculated time average mean velocity (cm/s) and flow volume  
(mL/min).  
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Procedures  
The participants were instructed to refrain from physical activity 24 hours before 
the treatment. When participants arrived for treatment, anthropometric measurements 
were taken (age, height and mass). Each participant was informed of the treatment 
procedures before signing an Institutional Review Board-approved consent form. The 
participant was randomly assigned to either therapeutic ultrasound or electrical 
stimulation for the first treatment session. Seven days later, each participant received the 
other treatment, following the same instructions provided during the first treatment 
session. The participants were instructed to wear a short-sleeved shirt in order to apply 
the therapeutic treatments and obtain blood flow measurements. 
The participants were instructed to sit quietly for 10 minutes to allow blood flow 
to stabilize.6,19 Prior to the therapeutic ultrasound or electrical stimulation treatment, 
baseline blood flow measurements using three images were taken following the rest 
period, using the Doppler diagnostic ultrasound machine. (Figure 1) The primary 
investigator was blinded to the measurements taken specific to the treatment applied. 
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          Figure 1. Diagnostic ultrasound 
For the therapeutic ultrasound treatment, the participants were instructed to sit 
comfortably on a treatment table, with the non-dominant forearm in a supinated position. 
(Figure 2) The belly of the flexor-pronator mass was the site for the treatment. The 
therapeutic ultrasound treatment was 1 MHz, continuous, with an intensity of 1.5 W/cm2 
for 10 minutes.68 The treatment area was equal to twice the diameter of the transducer 
head.68 This was controlled for by the use of a circular-shaped template cut to twice the 
size of the transducer head placed on the skin.68 The transducer head was moved at a 
speed of 3 cm/s. The ultrasound gel was maintained at room temperature68 and applied to 
the skin as the coupling medium. The therapeutic ultrasound treatment was 10 minutes, 
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with post-treatment blood flow measurements immediately, 5 and 10 minutes following 
the end of the treatment. 
 
Figure 2. Therapeutic ultrasound 
For the electrical stimulation treatment, the participants were instructed to sit 
comfortably, with the non-dominant forearm in a supinated position. (Figure 3) The 
electrodes were placed on the motor points of the flexor-pronator mass. The motor points 
were determined by visible contractions of these muscles.6 The TENS unit delivered 
constant asymmetrical biphasic balanced square wave pulses of low frequency (2-Hz 
burst mode, 8 pulses per burst) with a pulse duration of 180 microseconds.6 Electrical 
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stimulation treatment was 15 minutes, followed by post-measurements immediately, 5 
and 10 minutes after the treatment ended. 
 
Figure 3. Electrical stimulation 
Statistical Analysis 
Blood flow measurements were completed with the Doppler instrument by 
applying vertical calipers at the start and end of the waveform, seen on the diagnostic 
ultrasound machine.19 The Doppler unit’s built-in software calculates the time average 
mean velocity (cm/s) and flow volume (mL/min).19 Flow volume was calculated as a 
product of the time average mean velocity (cm/s) and the measure of the cross-sectional 
area of the radial artery (mm2).19  
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The radial artery blood flow data was imported and analyzed in IBM SPSS 20 
statistical analysis software (IBM, Armonk, NY). A group by time analysis with two 
groups to compare four time segments (baseline, immediate, 5 minutes post-treatment 
and 10 minutes post-treatment) was used to identify differences between therapeutic 
ultrasound and electrical stimulation in terms of time average mean velocity and flow 
volume using paired t-tests (P < 0.05).19  
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CHAPTER IV 
 
RESULTS 
 
Thirty-six participants completed all aspects of this study (22 female, 14 male; 
ages 21.19 ± 1.65 years). There were no statistically significant differences found 
between therapeutic ultrasound and electrical stimulation in regards to flow volume 
(Table 1) immediately following treatment (4.24 ± 1.81 cm/s versus 3.81 ± 1.61 mL/min, 
P = 0.29), 5 minutes post-treatment (3.72 ± 1.72 mL/min versus 3.58 ± 1.68 mL/min, P = 
0.69) and 10 minutes post-treatment (3.91 ± 1.77 mL/min versus 3.97 ± 1.87 mL/min, P 
= 0.85). Further, the results were not statistically significant for differences between 
therapeutic ultrasound and electrical stimulation in regards to time average mean velocity 
(Table 2) immediately following treatment (5.26 ± 2.25 cm/s versus 4.72 ± 2.00 cm/s, P = 
0.29), 5 minutes post-treatment (4.64 ± 2.16 cm/s versus 4.44 ± 2.09 cm/s, P = 0.65) and 
10 minutes post-treatment (4.84 ± 2.19 cm/s versus 4.94 ± 2.34 cm/s, P = 0.84).  
Table 1. Flow Volume for Therapeutic Ultrasound and Electrical Stimulation. Radial 
artery measurements immediately post-treatment, 5 minutes post-treatment and 10 
minutes post-treatment for therapeutic ultrasound and electrical stimulation. 
Flow Volume 
(mL/min, SD) 
Therapeutic 
Ultrasound 
Electrical Stimulation 
Baseline 3.96 ± 1.93 4.51 ± 1.79 
Immediately Post-
Treatment 
4.24 ± 1.81 3.81 ± 1.61 
5 minutes Post-
Treatment 
3.72 ± 1.72 3.58 ± 1.68 
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10 minutes Post-
Treatment 
3.91 ± 1.77 3.97 ± 1.87 
 
Table 2. Time Average Mean Velocity for Therapeutic Ultrasound and Electrical 
Stimulation. Radial artery measurements immediately post-treatment, 5 minutes post-
treatment and 10 minutes post-treatment for therapeutic ultrasound and electrical 
stimulation.  
Time Average Mean 
Velocity (cm/s, SD) 
Therapeutic 
Ultrasound 
Electrical Stimulation 
Baseline 4.92 ± 2.39 5.62 ± 2.23 
Immediately Post-
Treatment 
5.26 ± 2.25 4.72 ± 2.00 
5 minutes Post-
Treatment 
4.64 ± 2.16 4.44 ± 2.09 
10 minutes Post-
Treatment 
4.85 ± 2.19 4.94 ± 2.34 
 
For comparison within the treatments, there were no statistically significant 
differences in flow volume or time average mean velocity for any of the measurement 
times for therapeutic ultrasound. The results for therapeutic ultrasound flow volume and 
time average mean velocity are included in Table 3.  
Table 3. Flow Volume and Time Average Mean Velocity for Therapeutic Ultrasound. 
Immediately post-treatment, 5 minutes post-treatment and 10 minutes post-treatment 
compared to baseline measurements for therapeutic ultrasound. 
Therapeutic 
Ultrasound 
Flow Volume 
(mL/min) 
Time Average Mean 
Velocity (cm/s) 
Baseline vs. 
Immediately Post-
Treatment 
3.96 ± 1.93 vs. 4.24 ± 
1.81 
4.92 ± 2.39 vs. 5.26 ± 
2.25 
Baseline vs. 5 minutes 
Post-Treatment 
3.96 ± 1.93 vs. 3.72 ± 
1.72 
4.92 ± 2.39 vs. 4.64 ± 
2.16 
Baseline vs. 10 
minutes Post-
Treatment 
3.96 ± 1.93 vs. 3.91 ± 
1.77 
4.92 ± 2.39 vs. 4.85 ±  
2.19 
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While there were no significant differences found within the time frames of 
measurements for therapeutic ultrasound, there were statistically significant differences 
found when comparing electrical stimulation baseline blood flow measurements and 
immediately post-treatment and 5 minutes post-treatment, but not at 10 minutes post-
treatment. The results for measurement of flow volume and time average mean velocity 
following the electrical stimulation treatments are included in Table 4. The effect size 
correlation for flow volume baseline vs. immediately post-treatment (.20) and baseline 
vs. 5 minutes post-treatment (.25) indicates a small effect size.79 The effect size 
correlation for time average mean velocity baseline vs. immediately post-treatment (.20) 
indicates a small effect size and the effect size correlation for baseline vs. 5 minutes post-
treatment (.54) indicates a medium effect size.79 
Table 4. Flow Volume and Time Average Mean Velocity for Electrical Stimulation. 
Immediately post-treatment, 5 minutes post-treatment and 10 minutes post-treatment 
compared to baseline measurements for electrical stimulation. 
Electrical Stimulation Flow Volume 
(mL/min) 
Time Average Mean 
Velocity (cm/s) 
Baseline vs. 
Immediately Post-
Treatment 
4.51 ± 1.79 vs. 3.81 ± 
1.61* 
5.62 ± 2.23 vs. 4.72 ± 
2.00* 
Baseline vs. 5 minutes 
Post-Treatment 
4.51 ± 1.79 vs. 3.58 ± 
1.68* 
5.62 ± 2.23 vs. 4.44 ± 
2.09* 
Baseline vs. 10 
minutes Post-
Treatment 
4.51 ± 1.79 vs. 3.97 ± 
1.87 
5.62 ± 2.23 vs. 4.94 ± 
2.34 
* Indicates group-by-time interaction (P < 0.05) 
 
 
45	
	
 
 
 
 
 
CHAPTER V 
 
DISCUSSION 
 
We expected to find that a significant difference would occur when comparing 
therapeutic ultrasound to electrical stimulation as a modality to increase blood flow in the 
arm. Our results do not support this hypothesis. However, we did find that the application 
of TENS significantly decreased radial artery blood flow immediately following 
treatment, as well as 5 minutes post-treatment, in comparison to baseline blood flow 
measurements. However, blood flow changes were no longer significant at 10 minutes 
post-treatment following TENS.  
Previous research regarding effecting blood flow in the forearm using two 
different treatment parameters for TENS found small changes in cutaneous blood flow 
and skin temperature.7 The two treatment parameters used in this study were low 
frequency TENS (4 Hz/200 microseconds) and high frequency TENS (110 Hz/200 
microseconds), as well as a control treatment.7 This study showed that there were no 
significant differences between high and low frequency TENS for cutaneous blood flow 
or skin temperature in the forearm, although there was a small and short lived increase in 
cutaneous blood flow at the index finger in the TENS groups compared to the control 
group when TENS was turned off.7 Overall, this study found that the effects of low 
frequency and high frequency TENS produced minimal changes in blood flow and skin 
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temperature. Levine et al.10 used electrical stimulation on the gluteus maximus of healthy 
individuals as well as spinal cord injured individuals and found that during stimulation.
rest periods blood flow decreased in healthy participants. The authors suggest that the 
tissue gradually distorts and doesn’t reach peak occlusion for a relatively long time, 
therefore leading to the decrease in blood flow.10 Reeves et al.80 applied TENS to 
determine if there was an effect on the sympathetic nervous system, by measuring heart 
rate, digital pulse volume and skin conductance. This study found that there were no 
effects on the sympathetic nervous system, which could potentially explain the decrease 
found in the current study. While this study found minimal changes in blood flow, 
variances in treatment parameters make a significant impact on accomplishing this goal. 
Treatment parameters of electrical stimulation impact the effects that occur in the 
applied tissues. Sandberg et al.6 applied TENS to the upper trapezius muscle in subjects 
using three different treatment parameters, all for 15 minutes: high frequency (80 Hz) and 
sensory level intensity; low frequency (2 Hz) and motor level intensity; and subsensory 
80 Hz TENS used as a control. Muscular and skin blood flow were measured in this 
study and the results showed that trapezius muscle blood flow increased significantly 
with motor level 2 Hz TENS, while there was no increase found with sensory level 80 Hz 
TENS or subsensory 80 Hz TENS.6 In regards to skin blood flow measurements, there 
were no significant increases found with any of these treatments.6 Miller et al.29 applied 
TENS to the gastrocnemius muscle with a frequency of 2500 Hz and a burst frequency of 
20 Hz. The stimulation level for this study was set at a level that elicited the strongest 
plantar-flexor contraction that could be tolerated by the participants.29 Overall, this study 
showed that the increase in blood flow and decrease in vascular resistance persisted until 
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the 15-second post-exercise measurements, but the increase was minimal and short 
lived.29 A review conducted by Machado et al.81 discussed that while there have been 
improvements in blood flow seen following TENS application with both low frequency 
(2 Hz to 4 Hz) and high frequency (75 Hz to 100 Hz). However, there is a lack of 
consensus as to whether TENS does improve blood flow, according to this review. The 
results of the current study showed that electrical stimulation does affect blood flow in 
comparison to baseline measurements, but comparing electrical stimulation to therapeutic 
ultrasound found no significant differences. 
Some studies have found that the only improvements in blood flow following 
therapeutic ultrasound are seen with intolerable intensities for the participants. In a study 
exploring muscle temperature, at 1MHz, 1.5 W/cm2 and 2.0 W/cm2, the rate of 
temperature increase was so rapid that some of the participants were not able to complete 
the 10-minute treatment due to discomfort.66 Shaik et al.54 used two treatment parameters 
on subjects: pulsed ultrasound at 3 MHz, 1:4 duty cycle, at an intensity of 0.25 W/cm2 for 
5 minutes and continuous ultrasound at 1 MHz, at an intensity of 0.8 W/cm2 for 3 
minutes. The results of this study found that there was a significant decrease in skin blood 
flow over the treatment area, comparing baseline to post-treatment measurements 
following both treatments.54 Skin blood flow was measured using a spectroscopy camera, 
examining the red blood cell concentration in dermal tissue.54 Pulsed ultrasound at 3 
MHz resulted in a significant decrease in superficial blood flow as compared to that of 
the control condition.54 In a treatment applied to the forearm of participants, continuous 
ultrasound was applied at 1 MHz, 1.5 W/cm2 for 5 minutes found that muscle, skin and 
forearm blood flow was not significantly different between the control and ultrasound-
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treated arms.63 There was a significant time effect found for skin and forearm blood flow 
in that comparisons of pretreatment and post-treatment values demonstrated that skin 
blood flow significantly increased through 15 minutes, and forearm blood flow was 
increased through 5 minutes, but no significant time effect was found for muscle blood 
flow.63 A review conducted by Baker et al.4 discussed that there is a possibility that 
ultrasound at higher intensities may increase muscular blood flow, due to previous 
studies. However, the intensities selected proved to be intolerable for participants, so this 
increase is likely not achievable clinically using therapeutic ultrasound.4 
As with all research, our study did have some limitations. The sample size was 
relatively small, so further research with a larger sample size is needed to determine if the 
effects are the same in a larger sample of subjects. This study was conducted on a healthy 
population, even though the treatments would normally be applied to patients with an 
injury, so further research is necessary to determine if the same effects would appear in a 
population with an orthopedic injury. Another limitation in this study is that only radial 
artery blood flow was measured, so further research is necessary to determine if TENS 
would cause the same results on another artery. Reliability is another limitation of this 
study. The reliability for diagnostic ultrasound in this study was low (Cronbach alpha 
coefficient of .38), which could be caused by a few factors including researcher 
inexperience in utilizing diagnostic ultrasound, activity level of participants prior to data 
collection, or food/drink consumption by participants prior to data collection. 
This study showed that therapeutic ultrasound did not improve radial artery blood 
flow when compared to baseline measurements or compared to electrical stimulation 
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blood flow measurements. However, the results did show that electrical stimulation 
decreased blood flow immediately following treatment and at 5 minutes post-treatment, 
but not at 10 minutes post-treatment when compared to baseline measurements. From 
these results, there may be a 5 minute time frame following the TENS application during 
which blood flow is decreased in the forearm thereby providing a temporary timeframe 
for the control of edema or effusion. 
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